The twn2 mutant of Arabidopsis exhibits a defect in early embryogenesis where, following one or two divisions of the zygote, the decendents of the apical cell arrest. The basal cells that normally give rise to the suspensor proliferate abnormally, giving rise to multiple embryos. A high proportion of the seeds fail to develop viable embryos, and those that do, contain a high proportion of partially or completely duplicated embryos. The adult plants are smaller and less vigorous than the wild type and have a severely stunted root. The twn2-1 mutation, which is the only known allele, was caused by a T-DNA insertion in the 5 untranslated region of a putative valyl-tRNA synthetase gene, valRS. In Arabidopsis and many other higher plants, the unfertilized egg cell is highly polarized. It contains a large central vacuole asymmetrically positioned proximal to the micropyle, whereas the nucleus and most of the cytoplasm are at the chalazal end (1). After fertilization, the zygote elongates along the future shoot-root axis and a redistribution of the endoplasmic reticulum, plastids, and mitochondria accentuates the polar organization evident in the egg cell (2, 3). Embryogenesis is initiated when the zygote undergoes an asymmetric transverse division to produce a relatively small, nonvacuolated apical cell, and a larger highly vacuolated basal cell (1, 4). The apical cell undergoes many rounds of organized cell division and gives rise to the embryo. The basal cell divides only a few times, always in the transverse orientation, forming the suspensor, the root cap, and a portion of the root meristem (5). The suspensor, which connects the maternal tissue and the growing embryo and is thought to be a source of growth factors in some species, eventually deteriorates and is not present in the mature embryo (6, 7).
In Arabidopsis and many other higher plants, the unfertilized egg cell is highly polarized. It contains a large central vacuole asymmetrically positioned proximal to the micropyle, whereas the nucleus and most of the cytoplasm are at the chalazal end (1) . After fertilization, the zygote elongates along the future shoot-root axis and a redistribution of the endoplasmic reticulum, plastids, and mitochondria accentuates the polar organization evident in the egg cell (2, 3) . Embryogenesis is initiated when the zygote undergoes an asymmetric transverse division to produce a relatively small, nonvacuolated apical cell, and a larger highly vacuolated basal cell (1, 4) . The apical cell undergoes many rounds of organized cell division and gives rise to the embryo. The basal cell divides only a few times, always in the transverse orientation, forming the suspensor, the root cap, and a portion of the root meristem (5) . The suspensor, which connects the maternal tissue and the growing embryo and is thought to be a source of growth factors in some species, eventually deteriorates and is not present in the mature embryo (6, 7) .
Several mechanisms have been proposed to explain how the two daughter cells of the zygote follow different fates. One proposal is that cell identity might be determined by the relative position of the two cells in the embryo sac (8) . For instance, it is conceivable the cell that is in contact with the maternal tissue always becomes the suspensor. Implicit in this hypothesis is the idea that the daughter cells communicate with each other or the maternal tissue to establish cell fate. The observation that suspensors do not develop during somatic embryogenesis seems consistent with this hypothesis (9, 10) . An alternative proposal is that asymmetric division generates daughter cells with different sizes, and this difference may be sufficient to direct cell fates (11) . A third possibility is that the daughter cells may inherit different cytoplasmic determinants of either zygotic or maternal origin that control cell fate (12) .
Several Arabidopsis mutants with abnormal suspensor development have been described. The raspberry1 and raspberry2 mutants remain globular shaped, fail to form an axis and cotyledons, and have an enlarged multi-tiered suspensor region (13) . Similarly, the abnormal suspensor mutants (sus1, sus2, and sus3) are characterized by a morphologically abnormal embryo that fails to form a viable seedling but has an enlarged suspensor (14) . Because the raspberry and sus mutations cause the arrest of the embryo-proper, it could be argued that the abnormal suspensor development in these mutants results from the absence of a viable embryo-proper. In contrast, in the twn1 mutant, the embryo proper usually develops relatively normally, and the primary embryo, as well as the supernumerary embryos derived from the suspensor, are able to survive desiccation and produce viable seedlings. Thus, Vernon and Meinke (15) suggested that the TWN1 gene product is involved in maintaining suspensor cell identity, and mutations in the gene relieve the inhibitory effect normally imposed on the suspensor by the embryo.
Here, we describe a second Arabidopsis mutant that produces a high frequency of twin embryos and partial duplications of organs. This phenotype results from arrested development of the apical cells, followed by abnormal proliferation of the basal cells to produce secondary embryos. The properties of this mutant are consistent with a proposal by Vernon and Meinke (15) that the apical cell normally interacts with the basal cell to determine proper cell fates by suppressing the embryonic potential of the basal cell.
MATERIALS AND METHODS
Plant Materials and Mutant Screen. Pools of T-DNA mutagenized seeds of the WS ecotype (16) were obtained from the Arabidopsis Biological Research Center (Columbus, OH) and screened for abnormal seed morphology by visual inspection of mature seeds under a dissecting microscope. Arabidopsis plants were grown in a glass house with Ϸ16-h light and 8-h dark photoperiod at an average temperature of 22°C. The mutant was backcrossed twice to the WS parent before being used for the experiments reported here.
Light Microscopy of Cleared Seeds. Whole seeds at various stages of development were soaked in Histochoice tissue fixative (Amresco, Solon, OH) for 30 min and transferred to a drop of Hoyer's solution (7.5 g gum arabic͞100 g chloral hydrate͞5 ml glycerol in 30 ml water) and cleared overnight. Cleared seeds were visualized using a Leica LEITZ DMRB microscope equipped with Nomarski optics.
Light Microscopy of Sections. Plant material was fixed in 3% (vol͞vol) glutaraldehyde in 50 mM sodium phosphate buffer (pH 7.4), at ambient temperature for 3 h with one change of fixative after 1.5 h. After rinsing in the same phosphate buffer four times (20 min each rinse), the material was dehydrated in a graded ethanol series to 100%, pre-infiltrated with 1:1 (vol͞vol) mixture of ethanol and Spurr's epoxy resin over a period of 48 h, infiltrated in pure Spurr's resin for an additional 48 h, and embedded in fresh Spurr's resin. Polymerization was carried out at 70°C overnight. Sections (2-3 m) were cut with a Jung RM2025 microtome (Leica). Sections were stained with 0.05% analine blue for 1 h, rinsed with water, and visualized with a Leica LEITZ DMRB microscope.
Recombinant DNA Methods. A genomic library of wild-type (Columbia ecotype) and ZAPII cDNA libraries representing siliques (WS ecotype) and flowers (Ler ecotype) were obtained from the Arabidopsis Biological Research Center at Ohio State University. A genomic library of the mutant was constructed from DNA digested with HindIII, blunted with Klenow, and ligated to EcoRI adapters (Promega). The adapters were removed on a sephacryl S-500 spin column (Stratagene), and the DNA was ligated to EcoRI-digested ZAPII arms (Stratagene). Plaque lifts were screened with the left border of the T-DNA. DNA sequences were obtained using an Applied Biosystems automated sequencer (ABI PRISM310).
The longest cDNA clone containing the valyl-tRNA synthetase (valRS) gene from the Columbia ecotype had a 3.6-kb insert and was designated pVRS19. Probes for hybridization experiments were labeled with 32 P by random priming. The probe for Northern blot analyses was a 3.6-kb ApaI-SacI fragment from pVRS19. The Northern blots contained 10 g total RNA per lane, hybridized in 5ϫ SSPE (0.18 M NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA), 5ϫ Denhardt's solution, 50% formamide, and 1% SDS at 42°C. The 5Ј rapid amplification of cDNA ends (RACE) procedure was done following the manufacturer's instructions (BRL), except that a third nested primer was used (instead of only two). The sequences of the primers were 5Ј-CCGGGTACCCACAAAG-CATT-3Ј, 5Ј-GTATCCTCAATTGCAGATGTAAGCG-3Ј, and 5Ј-ATATGCAAGGCTCCAGTCAC-3Ј.
Plant Transformation. For complementation experiments, genomic fragments were cloned into vector pBIN-HYG (17) , which contains a hygromycin resistance (hyg r ) gene. Homozygous twn2 plants were transformed using the in planta transformation method (18) . Briefly, bolts were cut off with a razor blade and a drop of Agrobacterium suspension (10 ml overnight culture resuspended in 0.5 ml Murashige and Skoog medium) was put on the wound surface. Plants were then allowed to set seeds. Seeds were surface sterilized with 30% bleach and plated on agar media containing Murashige and Skoog salts (Sigma) and 25 mg͞liter kanamycin and 30 mg͞liter hygromycin. Heterozygous twn2 plants were transformed following the vacuum infiltration method (19) .
For the construction of the promoter-reporter constructs pGUS1 and pGUS2, the promoter fragments were obtained by PCR using genomic clone pSac9.0 as template. The downstream primers in the PCRs for pGUS1 and pGUS2 were 5Ј-CGG GAT CCA TAG ACA AAA AAC CTG CTA GGG C-3Ј and 5Ј-CGG GAT CCA ACT CCT TTT CTT TAG CCT ATG, respectively. Both primers had BamHI sites added to the 5Ј end. The upstream primer for pGUS1 and pGUS2 was 5Ј-GTG TGG GTA ACC AAA GAC G-3Ј. The PCR products were first cloned into the pGEM-T vector (Promega), isolated as SalI͞BamHI fragments, and ligated into the SalI͞BamHI sites of the binary vector pBI101.2, which contains the uidA gene and the NOS terminator. Wild-type Arabidopsis (Columbia ecotype) was transformed as described (19) .
RESULTS
Genetic Properties of the twn2 Mutant. The twn2 mutant was isolated by visually screening Ϸ200 mature seeds from each of 120 pools representing 6,500 F 3 families of T-DNA insertions for mutations that affected seed morphology. The homozygous twn2 line, recovered from pool CS2644, had deformed seeds (Fig. 1A) , of which Ϸ80% did not germinate. Microscopic inspection of the nongerminated seeds indicated that most contained aborted embryos with abnormal proliferation of cells in place of suspensors. Among the germinated seeds, about 40% (or 37͞92) produced seedlings that were partially or completely duplicated ( Fig. 1 B-D) . Because many seeds produced two complete seedlings, we refer to this somewhat variable phenotype as twin. The viable seeds also had a high incidence of seedlings with one or three cotyledons. All seedlings had stunted roots ( Fig. 1 B-D) and generally developed more slowly than wild type. twn2 adult plants from a twice backcrossed line were less vigorous and smaller than wild type, had smaller and rounder leaves, and were less fertile ( Fig. 1 E) .
In a cross of twn2 and wild type, all 110 F 1 seeds were kanamycin resistant, indicating that the twn2 mutant was homozygous for the kanamycin resistance (kan r ) gene. However, the segregation ratio of kan r in the F 2 generation was 486:428 (resistant͞sensitive), which deviated significantly from the expected 3:1 ratio for a single dominant trait. Reciprocal crosses between a twn2 heterozygote and wild type showed that kan r was underrepresented in F 1 progeny from both crosses (Table 1) . Thus, the fitness of both gametes was decreased by the T-DNA. The twn2 mutation reduced the fitness of female gametes to a greater extent than the male gametes. In conjunction with the reduced viability of homozygous seeds, these observations seem adequate to account for the skewed F 2 segregation ratio of the twn2 phenotype and the kan r trait. To test whether the twn2 mutation was tagged by T-DNA, cosegregation of the twin embryo phenotype and kan r was analyzed in F 3 families obtained by selfing F 2 plants. All 80 F 3 families derived from kan r F 2 individuals produced twins at the expected frequency, while none of 50 families of kanamycin sensitivity (kan s ) F 3 did. Therefore, we concluded that the twn2 mutant was probably tagged by T-DNA.
Reciprocal crosses between the twn2 mutant and the twn1 mutant (15) resulted in phenotypically wild-type F 1 progeny. Hence, twn2 defines a new locus. In an attempt to obtain additional alleles of twn2, we screened 8,000 seeds from an ethyl methanesulfonate-mutagenized M 2 population, and 18,000 seeds from a ␥-irradiated M 2 population on agar plates for seeds containing twin embryos. We identified eight additional mutants that produced twin seedlings. The new mutants represented at least two additional loci, designated twn3 and twn4. However, no new alleles of twn2 were isolated.
The twn2 Mutation Arrests Apical Cell Development. Microscopic comparison of the development of wild-type embryos ( Fig. 2) with that of twn2 embryos (Fig. 3) revealed that the mutant exhibited a defect at an early stage of embryogenesis. In wild-type plants, within a few hours of fertilization, the zygote undergoes an asymmetric division, which gives rise to a smaller apical cell and a larger basal cell ( Fig. 2A) . The first division of the apical cell is longitudinal, whereas the basal cell divides transversely (Fig. 2B) . Two more divisions by the daughters of the apical cell produces the octant stage embryoproper that is only slightly larger than the apical cell (Fig. 2C) . The embryo proper gives rise to all of the embryo except for its very base, the hypophysis and its derivatives, which is derived from the basal cell (Fig. 2 D-F) . In twn2, the first division of the zygote is indistinguishable from that of wild type. However, after the first or second longitudinal division, the twn2 apical cell daughters cease further division and enlarge (Fig. 3A) . This characteristic arrest and enlargement of the apical cells was observed in all of the several hundred embryos from homozygous twn2 plants that were examined. The daughters of the basal cell, which normally become the suspensor and hypophysis, undergo a series of divisions ( Fig.  3 B and C) , and eventually differentiate into one or more embryos (Fig. 3 D and F) . The daughters of the apical cell remain in their original position throughout embryo development ( Fig. 3 A-E) and can be seen even after germination (Fig.  4) . They are distinguishable from the basal cell-derived embryo due to their somewhat darker stain with analine blue (Fig.  4) .
Because the seedling phenotype of the mutant was highly variable, we examined the phenotypes of several hundred embryos from the twn2 mutant at different stages. Arrest of the apical cells was observed in all embryos. However, development of the suspensor was highly variable. Based on the size The expected ratio of kan r and kan s is expected to be 1:1 if the T-DNA insertion does not affect gametogenesis.
and appearance of the embryonic structures in developing seeds it appeared that, in many cases, three or more embryos formed almost simultaneously. Because we rarely recovered seeds with more than two viable embryos it appeared that seeds containing more than two embryos generally failed to produce viable seedlings or that some of the embryos fail to develop fully when the number exceeds two. In other cases, there were large discrepancies in the stage of development of the multiple embryos. We believe that in these cases only a single viable embryo was produced or the secondary embryos produced only part of the overall embryo body (e.g., Fig. 1B) . Thus, the incomplete penetrance and variability of the phenotype appeared to be due to the apparently stochastic initiation of embryo development from the basal cell lineage.
Molecular Basis of the twn2 Phenotype. Southern blot analyses of genomic DNA from the twn2 mutant probed with the borders of the T-DNA region (20) indicated that it had four tandem copies of T-DNA (data not shown). Clones containing the left borders of the four copies of the T-DNA and their flanking regions were isolated from a genomic library of the mutant. Sequencing of the left borders and flanking regions of the four clones indicated that the four T-DNA copies formed one large cluster of Ϸ70 kb, consisting of both head-head and head-tail repeats. Two of the T-DNA borders were joined to plant DNA (data not shown). The two plant flanking regions hybridized to the same fragment on a Southern blot of wild-type genomic DNA, indicating that there were no major rearrangements in the mutant around the T-DNA insertion site (data not shown). The nucleotide sequence of the Ϸ4.5-kb region of the wild-type genome surrounding the insertion site was determined (GenBank accession number U93308). In addition, using the flanking regions of plant DNA as probes, 16 cDNA clones were isolated from two Arabidopsis cDNA libraries. These clones were found to represent two genes, a putative valyl tRNA synthetase (valRS), and a gene which we named decoy that encodes a 19,105-Da protein with low sequence homology to a yeast mitochondrial ribosomal protein (21) . The longest clone of the valRS gene, present in plasmid pVRS19, was 3.6 kb in length and encoded a 973-amino acid polypeptide of 109,871 Da. The amino acid sequence of the valRS protein exhibited up to 47% sequence identity to valyl-tRNA synthetases from representatives of other orders ( Table 2 ). The sequences of putative full-length cDNAs for both genes were deposited in GenBank as accession numbers U87586 and U89986, respectively.
As shown in Fig. 5A , the 3Ј end of the transcribed region of the decoy gene is Ϸ250 bp from the T-DNA insertion. The possible involvement of decoy in the twn2 phenotype was excluded for two reasons. First, northern blots of RNA from reproductive tissues, roots, and leaves probed with decoy showed that the twn2 mutation did not lower decoy expression (data not shown). In addition, transformation of the mutant with a genomic clone containing the decoy open reading frame and 2 kb of 5Ј DNA failed to complement the mutant (data not shown).
The approximate transcriptional start site of the wild-type valRS gene was determined by sequencing the 5Ј ends of seven cDNA clones from the wild type. This analysis revealed that the insertion site of the T-DNA in the twn2 mutant was in the 5Ј untranslated region of the valRS gene (Fig. 5A) . As a result of the insertion event, 14 bp of genomic DNA at the insertion site was deleted (Fig. 5A) . Northern blots probed with the valRS gene indicated that expression of the valRS gene in reproductive tissues was strongly depressed in the mutant (Fig.  6) , suggesting that the mutation in the valRS gene might be responsible for the twn2 phenotype.
To complement the mutant, a 9-kb SacI genomic fragment containing the valRS coding sequence along with 0.5 kb of 5Ј flanking DNA was cloned into plant transformation vector pBIN-HYG (16) to produce plasmid pSac9.0. Because the 3Ј end of the decoy gene is located only about 250 bp upstream of the transcriptional start site of the valRS gene, the fragment in pSAC9.0 contains part of the last exon of the decoy gene. This plasmid was used to transform homozygous twn2 plants. Transformants were selected on Murashige and Skoog medium containing both kanamycin and hygromycin. Because of the low fertility of the twn2 mutant, only one transformant was obtained. Both root and embryo development of this transformant was indistinguishable from the wild type and no hygromycin-and kanamycin-resistant twn mutants were recoved from among the progeny of this transformant.
To confirm the complementation results, twn2͞ϩ plants were also transformed with pSac9.0. Seven primary transformants were obtained that were resistant to both kanamycin and hygromycin. From each of the primary transformants, 10 F 2 plants were grown to maturity and their seeds (F 3 ) were tested for hygromycin and kanamycin resistance. In each case, several plants with the genotype kan r ͞kan r hyg r ͞hyg s showed wild-type root and embryo development (data not shown). Therefore, we concluded that the twn2 mutant phenotype is caused by the inactivation of the valRS gene in the embryo by the T-DNA.
The valRS gene has been mapped on yeast artificial chromosomes yUP7G3, yUP24A3, yUP14C6, and yUP16B6, which are located on the top arm of chromosome 1 between DIS1 and EMB30. There does not appear to be any other closely related valRS gene in the Arabidopsis genome based on low stringency Southern analysis and PCR using degenerate primers to the conserved regions (data not shown). This may indicate that the valRS gene encodes both the cytoplasmic and mitochondrial forms of valyl-tRNA synthetase as has been previously reported for the alanyl-tRNA synthetase from Arabidopsis (22) .
Expression of TWN2 in Wild-Type and twn2 Mutant. To determine how a 70-kb insertion in an apparent housekeeping gene could cause the specific developmental phenotype in twn2, we examined the effect of the T-DNA insertion on the expression of the valRS gene. Total RNA from roots, leaves, and reproductive tissues (including flowers and developing seeds at various stages) from wild-type plants, and total RNA from leaves and reproductive tissues of twn2 plants were probed with the valRS cDNA. It was not possible to obtain enough root material from the twn2 mutant for a RNA blot. The results, shown in Fig. 6 , indicated that the valRS gene was expressed in all three organs in wild-type plants, and as expected, the amount of steady-state mRNA in twn2 reproductive tissues is significantly reduced (Fig. 6) . Unexpectedly, the amount of valRS mRNA in leaves of the mutant was higher than in the wild type (Fig. 6) .
To determine where the valRS transcripts originated in the mutant, the 5Ј ends of the valRS mRNA from leaves of the twn2 mutant were cloned by the 5Ј RACE method. Two of the four cDNA clones sequenced contained sequences from the T-DNA (Fig. 5) indicating that the transcription start site was within the T-DNA. This observation raised the possibility that transcription of the gene in the mutant was initiated from leaf-specific promoter elements in the T-DNA. Alternatively, because of the small distance between the end of the decoy gene and the beginning of the valRS gene, we considered it possible that the expression of the gene in leaves might be activated by enhancer element(s) downstream of the T-DNA insertion site (e.g., in the introns of the valRS gene).
To test if 5Ј introns were involved in the regulation of the gene in leaves, we constructed two valRS promoter fusions to the uidA (␤-glucuronidase) reporter gene, shown in Fig. 5B . One construct, designated pGUS1, contained only the 5Ј flanking and untranslated region and a piece of the last exon of the decoy gene, while the second (pGUS2) also contained the first two introns of the valRS gene. These constructs were transformed into Arabidopsis plants, and the level of ␤-glucuronidase activity in leaves and reproductive tissues was measured. The average leaf ␤-glucuronidase specific activity from 12 independent transformants containing the intronless construct and the intron-containing construct was 0.01 and 21.97 units, respectively. Similarly, in reproductive tissues, the levels of activity were 0.4 and 38.88 units, respectively (units of ␤-glucuronidase activity are pmol͞min per g of protein). Thus, the results of these experiments indicated that the presence of the first two introns increased the expression of the reporter gene by several hundred-fold. This indicates that the 5Ј flanking sequence of the valRS gene does not function as a promoter in the absence of one or both of the first two introns, or that the introns greatly increase the stability of the mRNA. In view of the evidence showing that the valRS gene is transcribed at high rates when the 5Ј flanking sequence is replaced by T-DNA in the twn2 mutant, we conclude that the first two introns contain an enhancer that can initiate transcription from various 5Ј flanking sequences, including the T-DNA border.
DISCUSSION
The twn2 Phenotype Is Caused by Altered Expression of the valRS Gene. The twn2 mutant is characterized by a high frequency of seeds containing fully or partially duplicated embryos. The viable seedlings give rise to fertile plants that are relatively normal in appearance but have short primary roots and reduced vigor. The mutant phenotype is caused by the insertion of Ϸ70 kb of T-DNA in the 5Ј untranslated region of a putative valRS. The high degree of sequence identity between the Arabidopsis valRS gene and valyl-tRNA synthetases from other species leaves little doubt as to the function of the gene product. The T-DNA insertion reduces the level of steady-state mRNA for the gene in reproductive tissues, but not in leaves. Thus, the insertion mutation causes a tissuespecific reduction in the level of expression of the valRS gene. Because, the twn2-1 mutation represents a unique alteration of the 5Ј flanking DNA sequence of the valRS gene, we do not consider it feasible to isolate additional mutant alleles that would exhibit the same pattern of altered gene expression. Also, because valyl-tRNA synthetase activity is an indispensable function, we do not consider it feasible to isolate null mutant alleles of the valRS gene. Thus, the following interpretation is offered with all the caveats associated with the use of single alleles and large DNA insertion-mutations.
Because it is not possible to obtain enough material to reliably measure expression of the valRS gene in apical and basal cells, we are unable to measure the relative levels of expression of the valRS gene in these cells of the mutant. However, in view of the fact that the insertion mutation caused differential accumulation of valRS mRNA in leaves and reproductive tissues, it is possible that the mutant gene is expressed at different levels in the apical cell and the basal cell lineage. Thus, we hypothesize that development of the apical cell arrests because of a lack of charged valyl-tRNA whereas the level of expression of the valRS gene in the basal cell is sufficiently high to support the growth requirements of this cell and its descendants. Alternatively, it is possible that the expression of the valRS gene is reduced to the same extent in the apical and basal cells but that reduced expression of the valRS gene is more detrimental to the development of the apical cell than to the basal cell. For instance, perhaps the reduced level of expression of the valRS gene disrupts critical early timing events in the apical cell that are not utilized in the basal cell.
Results from promoter-reporter fusions indicate that leafspecific enhancer element(s) in the first two exons or introns have a major stimulatory effect on the expression of the gene in both leaves and reproductive tissues. This represents another of the many known instances in which introns have been shown to be important for the expression of genes (23) (24) (25) (26) (27) (28) (29) . Sequencing of the 5Ј ends of valRS transcripts from the mutant showed that some or all of the transcripts originate from a transcription start site in the T-DNA. We are not aware of any previous reports of transcripts originating in the T-DNA borders and consider this as evidence that the enhancer present in the first two introns of the valRS gene has relatively nonspecific requirements for an upstream sequence that can serve as an initiation site for transcription. However, the observation that the amount of mRNA for the valRS gene is reduced in developing seeds and flowers of the mutant, but is relatively normal in leaves, indicates that the activity of the putative enhancer is strongly modulated by tissue-specific factors. It is this fortuitous tissue specificity that is ultimately responsible for the twn2 mutant phenotype.
Cell Fate Determination in Arabidopsis. Based on the properties of the twn1 mutant of Arabidopsis, it has previously been proposed that the apical cell actively inhibits embryonic development of the basal cell during early embryogenesis in angiosperms (15) . In principle, this hypothesis might be directly tested by selectively killing the apical cell by laser ablation or a related physical method (30, 31) . However, because the two-celled embryo is shrouded in maternal tissues, it has not yet been possible to devise a physical method for such experimental manipulations with angiosperms. To some extent, the twn2 mutant provides the genetic equivalent of an ablation experiment inasmuch as it selectively arrests development of the apical cell.
The development of multiple embryos in the twn2 mutant provides direct support for the hypothesis that the apical cell actively suppresses embryo formation by the basal cell lineage (15) . The simplest interpretation of the evidence presented here is that the apical cell normally produces a factor that moves from the apical cell to the basal cell and suppresses the embryonic developmental potential of the basal cell in the two-celled embryo. We hypothesize that in the twn2 mutant, a deficiency in charged valyl-tRNA prevents synthesis of adequate amounts of the factor. It seems likely that the twn1 mutation (15) , and the other twn mutations that we isolated while searching for a second twn2 allele, affect components of the apical-basal cell signaling pathway.
The presence of polyembryonic structures (e.g., Fig. 3D ) suggests that suspensor-derived embryos did not suppress each others development. Thus, it seems that the cell or cells that first initiate the suspensor-derived embryos either do not produce the apical cell factor or produce it too late to prevent the suspensor cells from entering the embryogenic state. However, the suspensor-derived embryos appeared to develop at relatively evenly spaced locations along the axis of the polyembryonic tissue mass. Thus, we speculate that once a group of cells begins to organize an embryonic structure, the incipient embryo produces or consumes a diffusable factor that prevents additional embryos from initiating nearby. The presence of duplicated organs on some embryos (e.g., Fig. 1B ) may indicate that if two embryos simultaneously initiate nearby, they may share some of the factors that regulate pattern formation. Thus, for instance, we hypothesize that the seedling in Fig. 1B arose from two cells or groups of cells undergoing simultaneous embryonic initiations. We envision that at an early stage of pattern formation, the incipient apical region of one group of cells produced a signal that informed both groups of cells that a shoot apex was being formed from a subpopulation of cells that was in appropriate proximity to both groups of cells, and this suppressed formation of a second shoot.
The hypothetical involvement of intercellular signaling mechanisms proposed here is in apparent contrast to the situation in the brown algae Fucus. Embryogenesis of Fucus resembles higher plant embryogenesis in several ways, and it has been proposed that some mechanisms of Fucus embryo development may parallel that of higher plants (32, 33) . In Fucus, the first asymmetric cell division gives rise to a rhizoid cell that develops into the basal root-like tissue (holdfast) and an apical thallus cell that produces the vegetative and reproductive shoot (34) . However, cell fate determination in the two cell stage in Fucus does not appear to rely on communication with the neighboring cell. Rather, it has been proposed that the differentiated state of the cell is determined by the contact of the cell with the cell wall. For example, ablation of one cell in the two cell stage does not affect the fate of the remaining cell (30, 31) . Moreover, contact of one cell type with the isolated cell wall of the other cell type caused its fate to be switched (31) . The exact nature of the fate determination factor(s) is not known, but based on the phenotype of twn2, it is unlikely to be the same in higher plants.
